Background: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths worldwide. The outcome of HCC therapy depends on the stage of HCC. Early-stage HCC patients can be cured with radical treatment approaches, whereas no standard treatment regimens can be recommended for patients with advanced disease. Summary: In-depth basic research into the molecular mechanisms of HCC has contributed to the development of novel therapeutic agents. This article reviews several key classes of novel therapeutic agents that are under development, including molecular-targeted therapies, cancer stem cell (CSC)-based therapy and differentiation therapy. Key Message: A greater understanding of the molecular pathogenesis of HCC has contributed to the development of novel therapeutic agents. This article reviews several key classes of novel therapeutic agents that are under development, including molecular-targeted therapies, CSC-based therapy and differentiation therapy. Practical Implications: Molecular-targeted therapies based on signaling pathways involved in hepatocarcinogenesis and progression are being evaluated in several clinical trials. There are three main categories of targeted agents: tyrosine kinase inhibitors (TKIs), monoclonal antibodies and enzyme inhibitors. The best-established agent is sorafenib, a non-specific TKI that is accepted as first-line therapy for specific patients. Other similar agents under investigation include erlotinib, linifanib and brivanib. CSC-based therapies are still in the earlier stages of development and include a neutralizing anti-CD44 antibody, small interfering RNA to suppress epithelial cell adhesion molecular levels, a neutralizing anti-CD13 antibody and a inhibitor. An important point is that CSC-targeted therapy should be combined with conventional therapies to achieve complete tumor regression. Differentiation therapy is defined as a strategy that induces malignant reversion of tumor cells. Hepatocyte nuclear factor 4α or 1α, important transcriptional factors for hepatocyte differentiation and phenotype maintenance, have shown significant antitumor effects by inducing differentiation of both non-CSCs and CSCs in HCC towards a hepatocyte-like phenotype.
Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death worldwide. Although over 80% of HCC cases occur in sub-Saharan Africa and Asian countries, the number of diagnosed cases has also been increasing over the past decade in several Western countries with previously low incidence levels [1] .
The outcome of HCC treatment is highly dependent on the stage of the disease at diagnosis. Liver resection and transplantation have been proven as the best modalities for earlystage patients [2] . Local ablation has also been proposed as an alternative for patients at early stages who are not suitable for surgery. HCC patients with intermediate disease may benefit from palliative treatments, such as transarterial chemoembolization (TACE), TACE with doxorubicin-eluting beads and radioembolization [2] [3] [4] . However, terminal patients rarely benefit from any available treatments [5] . As most HCC patients present with advanced-stage disease, their prognosis is extremely dismal and highly effective approaches with low toxicity are urgently needed.
Molecular-Targeted Therapies
Molecular-targeted therapies aim to only interfere with specific molecules necessary for tumor growth and progression. Although traditional chemotherapies often kill rapidly dividing cells in the body by interfering with cell division, they usually cause severe side effects such as myelotoxicity. In general, systemic chemotherapy is not particularly effective in HCC patients. A primary goal of molecular-targeted therapies is to target cancer cells with greater precision and fewer side effects.
It is well known that carcinogenesis is a complex multistep process with multiple altered signaling cascades. Several signaling pathways have been implicated in hepatocarcinogenesis, including vascular endothelial growth factor (VEGF) signaling, epidermal growth factor (EGF) signaling, RAS/mitogen-activated protein kinase (MAPK) signaling, the PI3K/PTEN/AKT/ mTOR pathway, the HGF/c-MET pathway, insulin-like growth factor receptor (IGFR) signaling and the WNT/β-catenin pathway. Thus, the components of these pathways constitute the molecular targets for cancer therapy.
Targeted agents mainly include three types: tyrosine kinase inhibitors (TKIs), monoclonal antibodies (mAbs) and enzyme inhibitors. Most TKIs can influence cellular proliferation and/or angiogenesis by targeting multiple receptors such as VEGFR, PDGFR, EGFR, FGFR and IGFR. The best-characterized clinical application of the molecular-targeted therapy for advanced HCC is the use of sorafenib, a non-specific TKI that targets both cell surface tyrosine kinase receptors and downstream intracellular serine/threonine kinases in the RAS/MAPK cascade [6] . It has been accepted as the first-line therapy for patients who will not benefit from resection, transplantation, ablation or TACE and still have well-preserved liver function (Child-Pugh class A) [2, 3, 5] . Furthermore, various trials of sorafenib-based combi-nations are currently ongoing in the clinic, including sorafenib combined with chemotherapeutics or radiation, as well as other targeted agents; these have widely exhibited promising results [7] . Although sorafenib-based therapies are an important advance in HCC therapy, a number of questions remain unresolved. Recent studies reported that multiple lung metastases were frequently observed among responders to sorafenib but were less common among non-responders, which was consistent with the fact that antiangiogenesis drugs may cause recurrence of tumor growth or increased local invasion and distant metastasis in certain situations [8] . Moreover, research by Zhang et al. [9] revealed that sorafenib pretreatment accelerated tumor growth, promoted lung metastasis and decreased survival in mice. These effects could be attributable to a direct inhibitory effect of sorafenib on the proliferation and activation of natural killer cells. Zhang et al. [8] also reported that sorafenib could promote the invasiveness of HCC cells through downregulating the expression of HIV-1 Tat interactive protein 2 (HTATIP2) via suppressing Jun-activated kinase and signal transducer and activator of transcription 3 (STAT3) signaling. They also found that the sorafenib-promoted invasiveness occurred only in those HCC cell lines with higher levels of HTATIP2. Interestingly, the proinvasive effects were limited to relatively low dosages of sorafenib treatment or when the therapy was discontinued. In contrast, at higher and continuous dosages sorafenib inhibited the growth of most tumor cells and the proinvasive effect was eliminated. These results suggest that patients with lower expression of HTATIP2 in the tumor may present as better candidates for sorafenib treatment [8] . Collectively, the benefit of sorafenib-based therapies still remains elusive. Further efforts should be made to select the subpopulation of HCC patients who may benefit from sorafenib treatment.
Stimulated by the success of sorafenib, several TKIs are currently being evaluated in multiple clinical trials, including erlotinib (a TKI of EGFR), linifanib (a TKI of VEGFR and PDGFR), brivanib (a TKI of FGFR, VEGFR and PDGFR), OSI-906 (a TKI of IGF-1R), AZD6244/ selumetinib (a MEK inhibitor) as well as ARQ 197 and foretinib (c-MET inhibitors). In addition, four mTOR inhibitors (TKIs of MTORC1), including temsirolimus, everolimus, rapamycin and AZD8055, are also under investigation. mAbs, the second most commonly used cancer therapy, usually target cell surface receptors and/or secreted growth factors. Compared with TKIs, the advantages of mAbs are less frequent dosing because of their longer half-life and increased specificity resulting in decreased toxicity [10] . One representative molecular-targeted drug, trastuzumab (Herceptin), is a mAb that interferes with the HER2/neu receptor. Women with HER2/neupositive disease who received trastuzumab treatment had a 44% reduction in the risk of death compared with women with HER2/neu-negative disease [11] .
Bevacizumab, a recombinant humanized mAb against VEGF-A, has been approved for the treatment of several malignancies in the USA and was also one of the earlier agents to enter HCC clinical trials after sorafenib. Despite the encouraging results from phase II trials using single-agent bevacizumab, serious bleeding complications were reported in 11% of patients, and no phase III trials of single-agent bevacizumab have been performed. Cetuximab is a mAb targeting EGFR. In a phase II study of unresectable HCC treated with cetuximab alone, no significant antitumor activity was observed. Nevertheless, cetuximab in combination with gemcitabine and oxaliplatin (GEMOX) promoted progression-free survival. In addition, there are currently four mAbs against IGF-1R (cixutumumab, AVE1642, BIIB022 and IMC-A12), one mAb against TRAIL receptor 1 (mapatumumab) and one mAb against TRAIL receptor 2 (tigatuzumab) under investigation in phase I and II trials for patients with HCC.
There has been an increasing interest in blocking some enzymes that play critical roles in hepatocarcinogenesis and metastasis. Heparanase is an endoglycosidase that cleaves a component of tumor extracellular matrix heparan sulfate proteoglycans. This cleavage event results in the loss of basement membrane integrity and promotion of cell metastasis. As a powerful inhibitor of heparanase, PI-88 is currently under investigation in phase II/III trials of HCC patients. Nuclear factor-ĸB (NF-ĸB) is a proposed major target of proteasome inhibitors, which is critical for inflammatory cytokine expression in many cancers. Bortezomib, a proteasome inhibitor that can prevent the ubiquitination and proteolysis of its inhibitory partner, IĸB, and then prohibit NF-ĸB transcriptional activity, is also in a phase III clinical trial [12] .
In conclusion, though there are many molecular-targeted agents in clinical trials, only sorafenib has been reported to be effective in HCC treatment. However, owing to the modest benefit of overall survival and the possibility of increased metastases by sorafenib, new therapies to augment or replace sorafenib are urgently needed. Considering that no agent targeting a single pathway could achieve complete response in HCC, it is rational to simultaneously inhibit two or more different pathways in HCC therapy.
Cancer Stem Cell-Targeted Therapies
A wide range of studies in stem cell biology suggest that malignant tumors can be viewed as a hierarchy of heterogeneous cell populations with different biological properties, and that not all the cells in tumors have the ability to maintain tumor growth, but only a small subpopulation called cancer stem cells (CSCs). CSCs were first characterized in leukemia and thereafter have been identified in most tumor types. It has been well proven that CSCs are endowed with a self-renewal capability that gives rise to all the components of a heterogeneous tumor. Increasing evidence indicates that tumor development and relapse is closely associated with the propagation of CSCs. The CSC hypothesis has exerted a fundamental impact on our current perception of cancer therapy. We should now shift our attempts focusing on eliminating the bulk of rapidly proliferating and terminally differentiated cells to concomitantly targeting the minority CSCs. One potential reason for the limited benefits of the current cancer treatment is that treatments such as chemotherapy, radiotherapy and the majority of molecular-targeted therapies are directed against rapidly growing malignant cells and fail to eradicate quiescent CSCs, which are more resistant to these conventional modalities. Therefore, therapies that can target CSCs may hold promise for the improvement of the curative effects and the survival of cancer patients.
Substantial progress has been made to identify CSCs and understand their biological characteristics, providing the foundation for CSC-targeted therapies. To date, CSCs in HCC can be identified by several putative surface markers such as CD133, CD44, CD90, OV6, the epithelial cell adhesion molecular (EpCAM) and CD13, or by selecting the side population cells [13] . Moreover, a combination of multiple markers can be used for further selecting a population of cancer cells with stronger CSC characteristics.
One way to eliminate CSCs is to target these surface markers. Some studies investigated a murine antibody to human CD133 conjugated with monomethyl auristatin (a potent cytotoxic drug) to target CD133+ cells, a neutralizing antibody to human CD44 for blockage of CD44 in CD90+CD44+ cells, small interfering RNA to suppress the expression level of EpCAM, or CD13-neutralizing antibody or CD13 inhibitor ubenimex (bestatin) to block CD13 function; all of these strategies have shown remarkable antitumor effects both in vitro and in vivo [14] .
The maintenance of stemness properties in CSCs and normal stem cells involves a diverse network of regulatory mechanisms. Several pathways have been identified to play important roles in the self-renewal capability of CSCs, including the WNT/β-catenin, Notch and Hedgehog pathways, and thus present potential therapeutic targets for CSCs [15] . Furthermore, other signaling pathways such as transforming growth factor beta/SMAD, interleukin 6/STAT3 and extracellular signal-regulated kinase/MAPK pathways, and some genes such as PTEN , C-MYC and the polycomb gene BMI , may also be involved in the tumorigenicity of HCC CSCs. Indeed, blockade of the WNT pathway using mAbs or small molecule inhibitors targeting the components of this pathway can inhibit angiogenesis and tumor growth in vitro and in vivo. Suppression of the Notch pathway directed by mAbs targeting the Notch ligand Delta-like 4 or indirectly by inhibiting hypoxia-inducible factor 1 alpha has been shown to eradicate CSCs in mouse lymphoma and serially transplanted human acute myeloid leukemia in xenogeneic models. Some studied showed that Hedgehog inhibitors such as cyclopamine and small molecule inhibitors of Smo or Gli1/2 could also remarkably decrease cell viability and induce apoptosis in HCC cells [16] . In addition, emerging evidence also suggests an important role of miRNAs in regulating HCC CSCs [17] . Although research is still at an early stage, miRNA is also a potential target in HCC therapy, as some studies have reported an inhibitive effect of miRNAs on HCC CSCs through regulation of their expression.
Although CSC-targeted therapy sheds new light on HCC treatment, this strategy still has its disadvantages. First, none of the currently identified CSC markers or signaling pathways is specific for malignant cells. These markers or pathways also exist in normal stem cells or normal tissues. Thus, strategies targeting CSCs may inevitably cause damage to normal stem cells and influence liver regeneration. Second, we are not certain whether the cells selected by the markers are bona fide CSCs. Therefore, agreement is required on the phenotype of CSCs that can precisely identify HCC CSCs so as to not only discriminate CSCs from their counterparts but also from normal stem cells. Future research should investigate new agents that selectively and specifically target CSCs while leaving the normal stem cell population unaffected. It should also be noted that, to cure tumors such as HCC, both CSCs and non-CSCs should be eliminated since non-CSCs may convert to CSCs, and thus eradication of CSCs alone may not achieve complete regression of an established tumor. Therefore, therapies eliminating CSCs should be combined with conventional therapies targeting non-CSCs.
Differentiation Therapy
Differentiation therapies in oncology are broadly defined as strategies that induce malignant reversion. The idea that conversion of malignant cells to benign cells may be a possible therapeutic strategy against cancer in humans was first proposed by G. Barry Pierce in 1961, when differentiation was observed in teratocarcinoma cells. However, the mechanisms of self-differentiation of malignant cells were poorly understood. Therefore, the transformation of this unusual idea to a successful clinical practice was not realized until 1984 when the use of all-trans retinoic acid (ATRA) in the treatment of acute promyelocytic leukemia was reported. This breakthrough transformed this fatal disease into one of the most curable forms of leukemia [18] .
Treating cancer by inducing differentiation is very attractive for physicians. Unlike conventional therapies such as cytotoxic chemotherapy and radiotherapy that directly eliminate tumor cells, this approach forces the differentiation of malignant cells into more mature cells that will then lose their malignant potential. In this case, less toxicity may be expected compared with conventional chemotherapies. Additionally, this strategy not only targets CSCs but also maturation-arrested proliferating cells. Unfortunately, unlike the situation of acute promyelocytic leukemia, the development of differentiation therapy for solid tumors is currently far from satisfactory.
Differentiation inducers for malignant tumors can be generally divided into two categories. The first category includes non-specific agents that exert activity on a wide range of cell and tissue types and includes histone deacetylase inhibitors (HDACIs), retinoids, dimethyl sulfoxide, peroxisome proliferator-activated receptor (PPARγ) agonist, butyric acid, vesnarinone and so on. For example, retinoids are typical reagents for the treatment for acute promyelocytic leukemia and can also induce differentiation in a large number of cell types, such as embryonic cells, teratocarcinomas, melanomas, osteosarcoma, chondrosarcoma and rhabdomyosarcoma. HDACIs can induce the differentiation of various solid tumors and sarcomas. Although the therapeutic effects of non-specific differentiation inducers may be non-significant, most can potentiate the effect of conventional chemotherapy or radiation therapy. Therefore, the combination of differentiation therapy with conventional treatments might be a potential second-line treatment in patients with advanced cancer. The second category includes agents that only exhibit activity against a limited range of cell and tissue types, and these specific differentiation inducers may have a remarkable ability to induce differentiation. It has been reported that nerve growth factor could effectively induce the neuronal differentiation of the neuroendocrine cell line PC12 [19] .
Hepatocyte nuclear factor 4α (HNF4α), a liver-enriched transcription factor, belongs to the nuclear hormone receptor superfamily. As a key member of the HNF family, HNF4α is indispensable for hepatic epithelium formation during embryonic development and for epithelial phenotype maintenance of hepatocytes in mature liver. Substantial evidence has demonstrated that loss of HNF4α expression is an important determinant of HCC progression, and transient inhibition of HNF4α could initiate hepatocellular transformation [20] . Inspired by the success of the treatment of acute promyelocytic leukemia using ATRA, we have recently explored the possibility of HNF4α differentiation therapy for HCC. Interestingly, our study clearly demonstrated that forced expression of HNF4α could induce the differentiation of both non-CSCs and CSCs of HCC into hepatocyte-like cells both in vitro and in vivo. Intratumoral injection of HNF4α displayed significant antitumor effects on transplanted tumor models. Striking suppressive effects on metastatic tumor formation were also achieved with systemic administration of HNF4α [21] . Moreover, we also found that HNF4α introduction could not only attenuate liver fibrosis in two distinct rat models, but also completely blocked hepatocarcinogenesis in a diethylnitrosamine-induced rat model [22, 23] . The inhibitory effect of HNF4α on HCC development might be attributed to the suppression of hepatocyte epithelial-mesenchymal transition and the reduction of CSC generation through inhibition of the β-catenin signaling pathway. As the vast majority of HCC occurs in cirrhotic liver, the dual therapeutic effect of HNF4α on fibrosis and HCC would be highly applicable in clinical practice. More recently, we also clarified that the miR-379-656 cluster plays an important role in the inhibitory effect of HNF4α on HCC, suggesting that regulation of the HNF4α-miRNA cascade may have beneficial effects in the treatment of HCC [24, 25] .
HNF1α is another critical transcription factor of the HNF family and also plays a critical role in hepatocyte differentiation. Our results also showed that systemic administration of HNF1α could eradicate orthotopic liver HCC nodules in NOD/SCID mice by inducing differentiation of hepatoma cells into mature hepatocytes [26] .
It has been well documented that pluripotent stem cells can be induced from human somatic cells by defined transcription factors, implying that we might target the cell differentiation direction by appropriate factors. Thus, the more potent effect on carcinogenesis, progression and metastasis of HCC by HNF4α compared with other known differentiation inducers may be attributed to the fact that HNF4α acts as a transcription factor that is critical for hepatocyte differentiation. We believe that this HNF-based differentiation therapy might reveal new information for HCC in the near future. More generally, our results provide new clues for therapies of other malignant tumor types in that differentiation therapy may be achieved using corresponding differentiation-determining transcription factors.
